Cryptococcus neoformans is a major fungal pathogen and is a relatively common cause of life-threatening meningoencephalitis. Glyphosate is a widely used herbicide that inhibits the synthesis of aromatic amino acids via the shikimate acid pathway. This study investigated the effects of glyphosate on C. neoformans growth, melanization, and murine infection. C. neoformans was relatively resistant to glyphosate, requiring concentrations 1250 The human pathogenic fungus Cryptococcus neoformans causes meningoencephalitis in 5%-10% of patients with AIDS in the United States and Europe [1, 2] . The prevalence of cryptococcosis in patients with AIDS is significantly higher in Southeast Asia and sub-Saharan Africa [2] . Patients with AIDS complicated by cryptococcosis frequently relapse, despite successful initial treatment with antifungal agents [3, 4] . As a consequence, cryptococcosis in the setting of AIDS is currently considered to be incurable, and affected persons require lifelong therapy to prevent recurrence [5] .
tremes in temperature, amphotericin B, microbicidal peptides, and macrophages in vitro (reviewed in [11] ). In mice, melanized cryptococcal cells interfere with the development of a protective T cell response [12] .
Melanin synthesis in C. neoformans is catalyzed by a laccase that oxidizes suitable phenolic substrates to quinone intermediates that autopolymerize [13] in the fungal cell wall [14] . The intermediate compounds in the melanin synthesis pathway have not been completely identified, and the structure of melanin is unknown [15, 16] . C. neoformans is melanized in the environment [17] and during rodent [18, 19] and human infection [20] . The observation that melanin-deficient mutants of C. neoformans are avirulent in mice [21] suggests that interference with melanization may be a useful therapeutic strategy. However, no compounds that inhibit C. neoformans melanization have been described to date.
Glyphosate (N-phophonomethylglycine) is a synthetic amino acid with an empiric formula of C 3 H 8 NO 5 P. The compound is used worldwide as a broad-spectrum systemic herbicide [22] and is marketed as Roundup (Monsanto) in the United States. The primary mechanism of action of glyphosate is interference of the shikimate pathway by inhibiting the enzyme 5-enolpyruvoylshikimate 3-phosphatesynthase (EPSPS) [23, 24] . The shikimate pathway is essential for the formation of aromatic amino acids. This pathway is absent in humans, who are dependent on exogenous sources for folates and aromatic acids. Hence, glyphosate is considered to have low risk for toxicity in humans and is designated a category E herbicide ("evidence of noncarcinogenicity for humans") by the US Environmental Protection Agency [22] . Metabolic experiments in rodents demonstrated that glyphosate is not metabolized and is excreted unchanged in urine and feces. In addition to the herbicidal effect on plants, glyphosate inhibits many microorganisms, including some parasites [25] and fungi [22, [26] [27] [28] [29] . This observation has raised interest in the inhibition of the microbial shikimate pathway as a target for antimicrobial drug development.
C. neoformans can grow in a defined chemical media consisting of glucose, MgSO 4 , KH 2 PO 4 , glycine, and thiamine [30] and therefore can synthesize its own amino acids. The Saccharomyces cerevisiae genome contains a multifunctional arom complex consisting of a pentafunctional polypeptide that catalyzes the first 5 steps of the shikimate pathway ending at EPSPS [31] , and the ARO2 gene that encodes chorismate synthase has been characterized [32] . Hence, we hypothesized that C. neoformans might also use the shikimic acid pathway and, therefore, that glyphosate would inhibit the growth of C. neoformans. In addition, because cryptococcal cells require phenolic compounds to synthesize melanin, we further hypothesized that the compound could affect melanization. Here we show results with the use of glyphosate as an antifungal agent in mice.
Materials and Methods
Glyphosate inhibition of C. neoformans. In all experiments, we used C. neoformans serotype D strain 24067 (American Type Culture Collection). C. neoformans serotype D strains are common in Europe and comprise ∼15% of New York City isolates [33] . Cultures were grown overnight at 30ЊC with shaking in Sabouraud dextrose media (Sab; Difco Laboratories). Cells were collected and were washed 3 times with PBS (0.137 M NaCl and 0.003 M sodium phosphate [pH 7.4]). Glyphosate was obtained from Sigma Chemical. Growth curves that used different concentrations of glyphosate were determined by hemocytometer, using 2 mL of Sab inoculated with 10 3 C. neoformans cells at 30ЊC and 37ЊC at various times after the initiation of the culture. To assess for fungicidal versus fungistatic effects of glyphosate, C. neoformans cells were incubated at 30ЊC with inhibitory concentrations of the compound for various lengths of time, were washed twice with PBS, and were plated on Sab agar for colony-forming unit determinations.
Effect of subinhibitory concentrations of glyphosate on melanization of C. neoformans. C. neoformans cultures were grown in the presence of subinhibitory concentrations of glyphosate at 30ЊC and 37ЊC in defined chemical medium (15 mM glucose, 10 mM MgSO 4 , 29.4 mM KH 2 PO 4 , 13 mM glycine, and 3 mM thiamine) and 1 mM L-dopa (Sigma). The cultures were followed visually for melanization. Assessment was done in a blinded fashion by 2 observers. Positive controls were cultures containing L-dopa without glyphosate, and negative controls were cultures containing glyphosate without L-dopa. All cultures were grown in duplicate. The growth rate of the cells in each culture was evaluated by hemocytometer at various times after the initiation of the culture.
Effect of glyphosate on L-dopa autopolymerization. In solution, L-dopa slowly autopolymerizes to form melanin at room temperature [13] . To determine whether glyphosate interferes with this process, 30-mL solutions of 1 mM L-dopa with various concentrations of glyphosate were incubated on the bench top at room temperature. We measured absorption by spectrophotometer (Ultraspec 2000; Pharmacia Biotech) at 270 nm on days 3 and 20 relative to a sample containing 1 mM L-dopa and 2 mg/mL glyphosate. A sample of 2 mg/mL glyphosate without L-dopa gave a result similar to that with L-dopa. The positive control was a solution of 1 mM L-dopa without glyphosate.
Effect of glyphosate on L-epinephrine oxidation by C. neoformans. The ability of glyphosate to inhibit the activity of C. neoformans laccase was assessed by a modification of a phenol oxidase assay, as described elsewhere [34] . In brief, C. neoformans was grown in Sab at 30ЊC overnight. After cells were washed in PBS, a 0.1-mL volume containing 10 6 cells was incubated with 0.1 mL of 10 mM L-epinephrine and various concentrations of glyphosate in 0.8 mL of PBS at 30ЊC for 2 h. The positive control was a solution without glyphosate. The reaction was terminated by the addition of 10 mL of 1 M KCN. Cells were removed by centrifugation, and absorbance of the supernatant was determined by spectrophotometer at 480 nm (Ultraspec 2000) to find the amount of L-epinephrine oxidation. The absorbance of the sample was measured relative to that of a freshly prepared suspension of C. neoformans in PBS containing 10 mM L-epinephrine.
Effect of glyphosate on experimental C. neoformans infection. To evaluate whether glyphosate affected the course of C. neoformans infection, mice were infected intravenously (iv) by tail vein and were treated with intraperitoneal (ip) injections of glyphosate. Experiments were done in 2 mouse strains commonly used for C. neoformans infection models: BALB/c and A/J Cr mice (both from the National Cancer Institute). All mice were 6-8 weeks old. The amount of glyphosate injected increased in successive experiments, because there was no evidence for toxicity at the previous lower dose. In the first experiment, BALB/c mice were injected iv with 10 6 yeast cells and were treated with 0.75 mg of glyphosate in 0.1 mL of dH 2 O, 1.5 mg in 0.2 mL of dH 2 O, or PBS ip at 24, 48, and 72 h after infection. In the second experiment, A/J Cr mice were infected iv with organisms and then were treated with either 5 5 ϫ 10 1 mg of glyphosate in 0.1 mL or PBS ip at 24, 48, and 72 h. The lower dose of C. neoformans was given because A/J Cr mice are usually more susceptible to the fungus. At day 44, A/J Cr mice were killed, their lungs were removed and homogenized in 5 mL of PBS, dilutions of the homogenates were plated on Sab agar, and colony-forming units were determined after incubation of the plates at 30ЊC for 48 h (1 cfu). In the third experiment, BALB/ colony p 1 c mice were infected iv with 10 6 organisms, and 1.5 mg of glyphosate was given ip at days 1, 2, and 3.
To evaluate whether continued therapy with glyphosate could improve outcome, another experiment with BALB/c mice followed the initial daily dosing of 1.5 mg of glyphosate with ip injections of 0.75 mg/mouse 3 times a week for 1 month. Control mice were injected with PBS instead of glyphosate. To further assess the effect of glyphosate, mice treated with this protocol were killed on days 7 and 14 after infection. The right upper lobe of each animal's lung was removed, was fixed in paraffin, and was examined histologically.
Effect of serum glyphosate on C. neoformans growth. To determine the activity of glyphosate in serum after ip administration, BALB/c mice were injected ip with 1.5 mg of glyphosate or PBS and were bled 1 h later. C. neoformans cells grown as described above were suspended in mouse serum diluted in various concentrations of fetal calf serum (Harlan) with 10 mM FeCl 3 (Sigma) and were incubated at 30ЊC for 24 h. FeCl 3 was added to saturate serum iron-binding proteins, which inhibit C. neoformans growth [35] . Cell density was assessed by hemocytometer. Isolation of melanin "ghosts" from infected tissue in mice. BALB/c mice were infected iv with 10 6 organisms and then were treated ip with 1.5 mg of glyphosate or PBS at 24, 48, and 72 h after infection. Five mice from each group at 80 h after infection and 5 mice 7 days after infection were killed, and their lungs and brains were collected. The lungs were homogenized, and dilutions of the homogenates were plated for colony-forming units, as described above. The lung homogenates were treated with denaturant, enzymes, and boiling HCl, as described elsewhere [17] . This treatment results in the isolation of hollow melanin spheres, which appear to be cell "ghosts" of C. neoformans [14] . Brains were treated similarly. Scanning electron microscopy was performed on the remaining debris, as described elsewhere [17] .
To confirm the sensitivity of this method for detection of melanized cells, tissue was inoculated with the highest determined colony-forming unit from the experiment for lungs and brains at which ghosts were not recovered. C. neoformans was grown in defined chemical medium with or without L-dopa for 8 days at 30ЊC. Inoculation was done with melanized or nonmelanized cells. The lungs or brains from 2 mice per group were combined for tissue digestion and assessment by scanning electron microscopy.
Statistics. Student's t test and Kaplan-Meier survival analysis were performed with SPSS version 8 software (SPSS).
Results

Effect of glyphosate on growth and melanization of C. neoformans in vitro.
To determine whether glyphosate affected the growth of C. neoformans, the fungus was grown in the presence and absence of glyphosate. Concentrations of glyphosate 1250 mg/mL inhibited growth of C. neoformans at 30ЊC and 37ЊC (figure 1). We determined that colony-forming units of cells thoroughly washed after incubation in inhibitory concentrations of glyphosate for р6 days did not differ significantly from cells incubated in PBS, which indicates that glyphosate is fungistatic for C. neoformans. Attempts to rescue C. neoformans from the effect of glyphosate by the addition of folate or paminobenzoate (PABA) to cultures of C. neoformans were unsuccessful (data not shown). Melanization of C. neoformans in cultures containing glyphosate at concentrations of 62.5-250 mg/mL was delayed (table 1) .
Effect of glyphosate on melanin formation in vitro. Glyphosate inhibited the autopolymerization of L-dopa. The effect was dose dependent and was apparent as early as day 3 of incubation ( figure 2A) . Glyphosate concentrations as low as 0.12 mg/mL had lower absorption values than did control solutions without the compound ( figure 2A) . At day 20, glyphosate concentrations у31.3 mg/mL continued to inhibit melanin formation (figure 2A). Glyphosate also inhibited the n p 20 ; figure 3 ). Treatment with glyphosate altered the P p .001 pathologic appearance of murine lung tissue (figure 4). At postinfection days 7 and 14, lungs from PBS-treated mice had more yeast cells per high-power field than did glyphosate-treated mice ( vs. , , and vs. 7.4 ‫ע‬ 4.7 1.6 ‫ע‬ 1.5 P p .002 13.4 ‫ע‬ 7.6 5.4 ‫ע‬ , , respectively; fields). The inflammatory 4.0 P p .009 n p 20 cells at day 7 were primarily neutrophils, whereas mononuclear cells predominated at day 14. By day 14, the lungs from PBStreated animals were characterized by diffuse dense inflammation with large collections of cryptococcal cells and destruction of lung architecture, whereas lungs from glyphosate-treated mice had fewer C. neoformans cells with largely intact pulmonary architecture.
Lethally infected mice given glyphosate for 3 days after infection lived significantly longer than control mice. For mice treated with 1.5 mg/day, the mean survival was days 25.7 ‫ע‬ 2.4 for the treated mice, compared with days for the 15.9 ‫ע‬ 1.6 control mice ( ; ). For the mice treated with 0.75 n p 10 P p .001 mg/day, the mean survival was days versus 26.8 ‫ע‬ 3. 6 20.4 ‫ע‬ days ( ; ). Log 10 cfu were determined from 1.3 n p 10 P p .049 lung homogenates of A/J Cr mice treated with or without glyphosate ( ). Log 10 cfu in the glyphosate-treated group n p 13 were significantly lower than in control mice ( vs. 5.1 ‫ע‬ 0.4 ; , Student's t test). In contrast to systemic 5.6 ‫ע‬ 0.2 P ! .001 administration, oral administration of glyphosate (2 or 10 mg/ mL in drinking water) had no survival benefit (data not shown). Administration of 1.5 mg of glyphosate ip resulted in serum levels at 1 h that were capable of inhibiting C. neoformans growth (figure 5). Serum samples from mice injected with PBS did not affect the replication of the fungus.
Isolation of melanin ghosts from tissue of infected mice treated with glyphosate. In mice infected with C. neoformans and treated with glyphosate for 3 days, ghosts of melanized cells were isolated from the lung only at day 7 of infection. In contrast, ghosts were isolated from the lung and brain tissues of mice treated with PBS at both days 3 and 7. Furthermore, most ghosts (73%, ) from mice that received glyphosate were n p 30 abnormally shaped (figure 6B). Numerous typical ghosts were isolated from the lungs and brains of control mice infected for 3 or 7 days (figure 6C). Organ homogenate colony-forming units for each group indicated the presence of C. neoformans cells in all tissues, albeit at lower numbers of colony-forming units in the glyphosate-treated mice (table 2) . To evaluate the sensitivity of our ghost isolation procedure, we spiked mouse organs with melanized and nonmelanized C. neoformans cells and performed the isolation procedure. Experimental inoculation was done with the equivalent of 1.5 log 10 cfu in brain tissue and 4.7 log 10 cfu in lung tissue. Nonmelanized cells in tissue were completely solubilized by the melanin isolation protocol, whereas in vitro melanized cells in tissue were not. The ghosts from tissues spiked with in vitro melanized cells were similar to typical C. neoformans ghosts [18] .
Discussion
Glyphosate is a widely used herbicide that also inhibits the growth of diverse microbial species. Here, we demonstrate that glyphosate can inhibit growth and delay melanization of C. neoformans. Glyphosate has therapeutic effects in mice infected with C. neoformans. On the basis of experience with other fungi, inhibition of C. neoformans replication by high concentrations of glyphosate is likely due to its effects on the synthesis of essential folate precursors by the shikimate pathway [25] . Our inability to rescue C. neoformans from the effects of glyphosate may reflect Figure 6 . Scanning electron micrographs of Cryptococcus neoformans melanin ghosts recovered from infected lungs of glyphosate-treated mice (A and B) and infected control lungs (C) at day 7. Ghosts in A and C resemble melanin particles in earlier studies [19] ; however, 73% of ghosts from glyphosate-treated mice had unusual forms (B). C, Bud scar (arrow). either a potent irreversible effect on the shikimate pathway or poor transport of the folate and PABA into the fungus. With regard to its effect on melanization, the observation that glyphosate interferes with the autoxidation of L-dopa suggests that the compound may directly inhibit melanin polymerization. Glyphosate also inhibits the C. neoformans laccase reaction by preventing the oxidation of L-epinephrine. In addition, glyphosate can chelate several metal ions [37] [38] [39] and could theoretically interfere with melanization by interacting with L-dopa or with highly charged quinone intermediates of melanin.
Administration of glyphosate to infected mice resulted in prolonged survival and reduction in C. neoformans colonyforming units. Lung tissue from mice treated with glyphosate showed significantly less inflammation and fewer yeast cells than did lungs from control mice. Serum from mice injected with the highest dose of glyphosate administered in this study inhibited C. neoformans growth in vitro. This suggests that glyphosate may directly inhibit C. neoformans growth in vivo. The absence of melanin ghosts in glyphosate-treated mice early in infection, despite the presence of C. neoformans in the tissues by colony-forming units determinations, and the observation that glyphosate inhibits C. neoformans melanization in vitro suggest that this herbicide also inhibits yeast cell melanization in vivo.
The prognosis for AIDS patients with cryptococcal disease continues to be extremely poor [40] . With growing numbers of immunocompromised persons worldwide, further advancements in the management of this disease are desperately needed. Glyphosate and other compounds that disrupt the shikimic acid pathway [41, 42] and/or interfere with melanin polymerization or rearrangement may be useful therapeutics in the treatment of C. neoformans and other pathogens that produce melanin.
